Introduction
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Transcriptional regulation plays a central role in the adaptation of cells to changing in environmental conditions. In can be repurposed to display novel behaviors 1, 5, 6, 7, 8, 9 . Attempts in this direction are very diverse and examples 81 are the construction of mutated variant of natural TFs with enhanced or modified performance 10, 11, 12, 13 , the 82 recombination of protein domains to create TFs with completely altered specificity or dynamical behavior 14, 15 or 83 the mining of novel regulators from genomes or metagenomes 16, 17 . Additionally, the revolution provided by 84 CRISPR/Cas9 system has also impacted the field of gene regulation, as this system has been repurposed to 85 construct fully synthetic expression systems based on RNA/DNA interaction 18, 19, 20 . 86 87 Despite the progress on the engineering of novel expression systems, a critical bottleneck relies on the selection 88 of suitable signal-recognition modules related to the application of interest. In other words, while many different 89 TFs are well-characterized as responsive to small molecules (sugars, ions, aromatics, etc.) , many times the 90 application at stake requires systems responsive to unusual compounds 21 . Therefore, construction of TFs 91 variants with enhanced responsivenes to non-natural ligands has become more appealing. Approaches to 92 accomplish this task range from the use of laborious random mutagenesis followed by selection 11, 12 to the use of 93 computational analysis to guide rational design 22 . Here, we focused on the engineering of novel expression 94 systems responsive to commercially available drugs suitable to in vivo administration to a mammalian animal. 95 Our particular interest was focused on acetylsalicylic acid (ASA or aspirin), a longstanding, safe and widely used 96 drug. This compound has been applied in synthetic regulatory circuits to deliver lytic proteins to tumors in vivo, 97 representing a promising field for the development of tumor-targeting circuits for clinical applications 23 . As a 98 starting point, we sought to investigate the molecular mechanisms of signal recognition by two homologous 99 regulators of Pseudomonas putida, namely BenR and XylS. These two TFs are members of the AraC/XylS family 100 of transcriptional activators 24, 25, 26 that recognize different aromatic compounds with structural similarities to ASA. 101 Yet, while both regulators share around 60% amino acid (aa) identity, BenR is responsive to benzoate-only 25 
102
while XylS can recognize a large number of substituted variants 27 . Additionally, some crosstalk between these 103 two regulators and their target promoters has been characterized, as XylS can only recognize its target Pm 24 
104
while BenR can efficiently activate its natural target Pb as well as Pm 25 . 105 106 In this we have investigated the molecular mechanisms of signal recognition by these two regulators using In order to investigate the molecular mechanisms accounting for the functional differences between BenR and 123 XylS, we analyzed the close homologues of these proteins existing the genome of some species of 
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Analysis of conserved elements in BenR and XylS close homologues and target promoters
129
A previous study 30 used alanine scanning mutagenesis to identify four residues in XylS required for the 130 recognition of the A boxes (Arg242, Asn246, Glu249 and Lys250) and five required for the interaction with boxes 131 B (G295, Arg296, Asp299, Asn300 and Arg302). As can be observed in the protein alignment between BenR and 132 XylS homologues, most of these positions are well conserved in the proteins analyzed, with an exception for this 133 been Asn246, Lys250 and Asn300 (Fig. 1A) . It is surprising to notice that, while the change of Asn to Ala at except for the A box of Pb (the target of the BenR studied here) from Pseudomonas putida KT2440 (Fig. 1B) . In 139 this sense, to check the effect of the A box on the interaction between XylS and Pm and Pb promoters, we 140 assayed the promoter activity using a lux reporter system. We used a wild type xylS gene expressed from a 141 pSEVA vector 31 and Pm, Pb and Pb-syn1 (a Pb variant with the recomposed A box of Od region 25 ). Using this 142 system, we observed that while XylS could recognize Pm very efficiently, it was not able to induce Pb activity in 143 response to the inducers tested (Fig. 2) . However, when a version of Pb with the reconstituted A box (Pb-syn1) 144 was used, we could observe a strong induction of promoter activity in response to the inducers used. Taken 145 together, these results reinforce the notion that while XylS has a critical requirement for complete A and B boxes 146 at the Od and Op regions, BenR is less stringent for promoter recognition 25 .
148 149
A single amino acid position is critical for aromatic recognition in BenR and XylS
151
After tracing critical differences in the DNA recognition requirements between BenR and XylS, we decided to 152 investigate aa differences that could explain the divergence in the ligand selectivity between these two TFs. As 153 presented before, BenR has a very narrow inducer selectivity as this TF can only respond to benzoate as inducer 154 under natural conditions. However, XylS can be activated by a diverse collection of aromatic inducers, such as 155 benzoate and methylated or chlorinated benzoate analogues 27 . In order to gain insight into the molecular 156 mechanisms responsible for these differences, we constructed a 3D protein structure for the N-terminal region of 157 BenR using homology modelling. The resulting model was subject to molecular docking using benzoate, 3-158 methylbenzoate (3MBz), 4-methylbenzoate (4MBz) and salicylate (Sal) . Using this approach, we obtained a 159 protein structural model (Fig. 3A) and identified a potential cavity on the protein surface that accommodates well 160 a benzoate molecule (Fig. 3B) . Additionally, the potential binding pocket identified did not support well the contributed to the surface of the cavity (Fig. 3C) (Fig. 4A) . In addition to the point mutations, we constructed a chimaera between the N-terminal part of XylS and 172 the C-terminal part of BenR and subjected this TF also to mutagenesis. All assays were performed using the 173 cognate promoter for each TF (i.e., Pb for BenR and Pm for XylS) controlling a GFP reporter gene to allow 174 investigation at the single cell level 32, 33 (Fig. 4A) . As can be observed in Fig. 4B presented the same expression profile of the wildtype but with reduced efficacy (Fig. 4C) . However, when The construction of the chimeric protein harboring the N-terminal of XylS (the region responsible for ligand 187 recognition) and the C-terminal of BenR (which recognizes DNA) resulted in the new protein X-BenR that 188 displayed an induction profile similar to that of XylS but with a reduced efficacy (Fig. 4D) . This result conformed 
Material and methods
268
Bacterial strains and growth conditions 269 270 The plasmids and bacterial strains used in this study are listed in The benR gene, PbenR and Pb promoters were amplified by PCR using specific primers ( Table 2 ) and P. putida 281 KT2440 genomic DNA as template. The PCR products were digested with specific restriction enzymes (see 282 underlined sequences in Table 2 ) and cloned into the pMR1 vector 47 , yielding the pMR1-BenR-Pb (BenR) 283 construction. BenR mutants: pMR1-BenR-P110A (BenR-P110A), pMR1-BenR-P110Q (BenR-P110Q), pMR1-284 BenR-V111A (BenR-V111A), pMR1-BenR-A110A111 (BenR-A110A111) and pMR1-BenR-Q110A111 (BenR-285 Q110A111) were generated by CPEC site-directed mutagenesis methodology 48 , using the pMR1-BenR-Pb 286 construction as template and the primers listed in Table 2 (mutated base pairs are highlighted in bold and 287 underlined). The xylS gene, Ps and Pm promoters were amplified by PCR using pSEVA438 vector as template 31 , 288 yielding the pMR1-XylS-Pm (XylS) construction. XylS mutant pMR1-XylS-A111V (XylS-A111V) was constructed 289 by CPEC site-directed mutagenesis, using pMR1-XylS-Pm construction as template and primers listed in Table 2 290 (mutated base pairs are highlighted in bold and underlined). Two chimeric transcription factors were constructed.
291
The first construction was generated by directly linking the N-terminal domain of XylS and the C-terminal domain 292 of BenR using respectively P. putida mt-2 and KT2440 strains as templates. The second construction was 293 generated by linking the N-terminal domain of BenR and the C-terminal domain of XylS using the pMR1-BenR-Pb 294 and the pMR1-XylS-Pm as templates. All fragments were amplified by PCR. In the first construction, the PbenR 295 promoter was cloned upstream the chimaera and the Pb promoter was cloned upstream the GFPlva reporter 296 gene yielding the pMR1-X-BenR (X-BenR). The chimaera mutant pMR1-X-BenR-A111V (X-BenR-A111V) was 297 constructed using the CPEC and the pMR1-X-BenR as template. In the second construction, the Ps and Pm 298 promoters were cloned upstream the chimaera and the GFPlva reporter gene, respectively, generating the 299 pMR1-B-XylS (B-XylS). All PCR amplifications ware performed using Phusion High-Fidelity DNA polymerase 300 (Thermo Fisher Scientific). All resulting constructions were sequenced using dideosyterminal methods in order to 301 confirm the correct assembly prior to the fluorescence assays.
303
GFP fluorescence assay and data processing 304 305 In order to measure the activity of all constructions performed in this work, plasmids were transformed into E. coli The 3D models presented here were generated by SWISS-MODEL server (https://swissmodel.expasy. 
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